Using a recently developed chemical approach, we have generated a genome-wide map of nucleosomes in vivo in Schizosaccharomyces pombe (S. pombe) at base pair resolution. The shorter linker length previously identified in S. pombe is due to a preponderance of nucleosomes separated by ∼4/5 bp, placing nucleosomes on opposite faces of the DNA. The periodic dinucleotide feature thought to position nucleosomes is equally strong in exons as in introns, demonstrating that nucleosome positioning information can be superimposed on coding information. Unlike the case in Saccharomyces cerevisiae, A/T-rich sequences are enriched in S. pombe nucleosomes, particularly at ±20 bp around the dyad. This difference in nucleosome binding preference gives rise to a major distinction downstream of the transcription start site, where nucleosome phasing is highly predictable by A/T frequency in S. pombe but not in S. cerevisiae, suggesting that the genomes and DNA binding preferences of nucleosomes have coevolved in different species. The poly (dA-dT) tracts affect but do not deplete nucleosomes in S. pombe, and they prefer special rotational positions within the nucleosome, with longer tracts enriched in the 10-to 30-bp region from the dyad. S. pombe does not have a welldefined nucleosome-depleted region immediately upstream of most transcription start sites; instead, the −1 nucleosome is positioned with the expected spacing relative to the +1 nucleosome, and its occupancy is negatively correlated with gene expression. Although there is generally very good agreement between nucleosome maps generated by chemical cleavage and micrococcal nuclease digestion, the chemical map shows consistently higher nucleosome occupancy on DNA with high A/T content.
Using a recently developed chemical approach, we have generated a genome-wide map of nucleosomes in vivo in Schizosaccharomyces pombe (S. pombe) at base pair resolution. The shorter linker length previously identified in S. pombe is due to a preponderance of nucleosomes separated by ∼4/5 bp, placing nucleosomes on opposite faces of the DNA. The periodic dinucleotide feature thought to position nucleosomes is equally strong in exons as in introns, demonstrating that nucleosome positioning information can be superimposed on coding information. Unlike the case in Saccharomyces cerevisiae, A/T-rich sequences are enriched in S. pombe nucleosomes, particularly at ±20 bp around the dyad. This difference in nucleosome binding preference gives rise to a major distinction downstream of the transcription start site, where nucleosome phasing is highly predictable by A/T frequency in S. pombe but not in S. cerevisiae, suggesting that the genomes and DNA binding preferences of nucleosomes have coevolved in different species. The poly (dA-dT) tracts affect but do not deplete nucleosomes in S. pombe, and they prefer special rotational positions within the nucleosome, with longer tracts enriched in the 10-to 30-bp region from the dyad. S. pombe does not have a welldefined nucleosome-depleted region immediately upstream of most transcription start sites; instead, the −1 nucleosome is positioned with the expected spacing relative to the +1 nucleosome, and its occupancy is negatively correlated with gene expression. Although there is generally very good agreement between nucleosome maps generated by chemical cleavage and micrococcal nuclease digestion, the chemical map shows consistently higher nucleosome occupancy on DNA with high A/T content.
chromatin structure | heterochromatin | gene regulation E ukaryotic DNA is organized into nucleosome arrays that facilitate proper genome compaction and regulation of the genetic information. Genome-wide nucleosome maps from different organisms have provided important insights into how nucleosome positioning regulates chromosome functions (1) (2) (3) (4) (5) (6) . It is commonly accepted that the DNA sequence itself plays a major role in the exact positions where histone octamers bind DNA to form nucleosomes (7) (8) (9) . Most remarkably, nucleosomes prefer special dinucleotide motifs at specific rotational angles within the nucleosome core (10, 11) and disfavor poly (dA-dT) tracts (12) (13) (14) (15) . Although the ability of DNA to interact with the histone core is important, nucleosome occupancy is influenced by additional extrinsic factors, including species-specific DNA binding proteins (16) , ATP-dependent remodeling complexes (17, 18) , and the transcription machinery (19) (20) (21) (22) .
The underlying mechanisms for the species-or cell typespecific nucleosome positioning features have not been well understood. The fission yeast Schizosaccharomyces pombe and the budding yeast Saccharomyces cerevisiae are two highly diverged model organisms widely used to study basic biological processes in eukaryotes (23) . Although similar in size, S. pombe is distinguished from S. cerevisiae by sharing important characteristics of chromosome structure with metazoans, including relatively large chromosomes, numerous introns, large repetitive centromeres, low-complexity replication origins, the composition of chromatin remodeling complexes, and siRNA-regulated heterochromatin (24) (25) (26) (27) . Recent micrococcal nuclease (MNase) mapping studies (16, 28, 29) revealed substantial differences between the two species in nucleosomal DNA sequence features and chromatin organization, including how histone-DNA sequence preferences affect nucleosome positioning and nucleosome occupancy patterns around transcription start sites (TSSs) and DNA replication origins. To address these questions at higher resolution and to control for potential sequence-specificity bias due to different MNase digestion extent (30) (31) (32) , the in vivo chemical mapping approach of Brogaard et al. (33) was used to map nucleosome centers directly in S. pombe in this study. This map achieved unprecedented accuracy, leading to a number of discoveries regarding nucleosome positioning and chromatin structure, which provide additional insights from an evolutionary perspective into our understanding of the intrinsic and extrinsic mechanisms in nucleosome positioning.
Results
Overview of the Map. We engineered the H4S48C S. pombe strain by mutating the serine at position 48 to cysteine in two of three copies of histone H4 genes. Normal growth of the H4S48C S. pombe strain was observed at 30°C on rich medium. The chemical approach utilized by Brogaard et al. (33, 34) 
was then

Significance
This paper presents a high-resolution map of nucleosome positions of Schizosaccharomyces pombe. Comparison with the high-resolution map of Saccharomyces cerevisiae has provided important insights into nucleosome-DNA interaction and mechanistic variation in nucleosome positioning. The map shows a preponderance of linker lengths centered on 4/5 bp, placing adjacent nucleosomes on opposite faces of the DNA. The dinucleotide signature for nucleosome positioning is equally strong in exons as in introns. Unexpectedly, S. pombe nucleosomes have a preference for A/T residues surrounding the nucleosome dyad, and nucleosome occupancy is very mildly affected by poly (dA-dT) tracts. The preference for A/T residues around the dyad and its role in nucleosome phasing suggest a coevolution of genomes with the DNA binding preferences of nucleosomes across species.
used to map nucleosome center positions for S. pombe in two independent experiments. Briefly, cells were lysed and a copper chelator was covalently attached to C48 of the modified H4, followed by the addition of copper and H 2 O 2 to induce symmetrical DNA cleavage events closely flanking the nucleosome center. The DNA band of the lowest molecular weight corresponding to cleavages in adjacent nucleosomes (Fig. 1A) was sequenced with Applied Biosystems Sequencing by Oligonucleotide Ligation and Detection (SOLiD) platform, producing a map of 95 million cleavages on each strand genome-wide (Fig.  S1A) . Two independent experiments yielded highly consistent nucleosome maps (Fig. S1B) ; therefore, we combined the two datasets and created a unique map consisting of 73,945 nucleosomes (Dataset S1) and a redundant map of 411,590 nucleosome centers (Dataset S2). The general consistency between the chemical map and published MNase map (16) confirms that the chemical experiments are mapping the in vivo nucleosome center positions (Fig. S1 A and C) . The redundant map of S. pombe reveals that overlapping nucleosomes are predominantly spaced by multiples of helical repeat length, similar to that observed in S. cerevisiae (33) (Fig. 1B) .
S. pombe Has a Linker Length Distribution of 10n + 4/5 bp. The S. pombe genome is known to have a shorter nucleosome repeat length than S. cerevisiae (28, 29, 35) . The chemical map displays additional fine details. S. pombe shares a similar periodic linker length pattern with S. cerevisiae (Fig. 1C ) but with significant enrichment at short linker lengths, particularly at a nominal value equal to 3 bp. This enrichment is even more pronounced in the gene body regions than in the intergenic regions (Fig. 1D) . Considering a 1-to 2-bp overstretching effect of nucleosome DNA (33, 36) , the S. pombe genome displays a preferential linker length form of ∼10n + 4/5 bp. Because linker length is closely related to the high-order chromatin structure (37, 38) , this implies that these two genomes may share some similar aspects in high-order chromatin structure, regardless of the evolutionary divergence and distinctions in nucleosome formation between the species.
Rotational Preference of Mono/Dinucleotides in S. pombe. Our chemically derived nucleosome map uncovers distinct fine-scale DNA sequence features of S. pombe that were previously unappreciated. The S. pombe map shows a stunning 10-bp periodicity of the AA/TT/AT/TA dinucleotide signal in both unique and redundant nucleosomes ( Fig. S2 A and B) . Interestingly the nucleosomes in exons, which are subject to coding constraints, show a slightly stronger periodicity than those in introns ( Fig. 2A) , demonstrating a multiplexing of genetic code and nucleosome positioning code. The nucleosomes in both S. pombe and S. cerevisiae share a similar base composition pattern (smoothed by a ±10-bp window), including enriched A/T in the central ±10 bp of the dyad compared with the genome average, local A/T peaks positioned around the nucleosome edges, and an A/T-disfavored region about 40 bp from the dyad (Fig. 2B) . However, relative to S. cerevisiae, the enrichment of A/T around the dyad in S. pombe is far more pronounced and the A/T fraction at the nucleosome edges and linker regions of S. pombe is lower than the genome average. Intriguingly, the nucleosome positioning strength, measured by the nucleosome center positioning (NCP) score-to-noise ratio, is positively correlated with both A/T and AA/TT/AT/TA frequency at rotational positions, where the DNA backbone faces inward toward the histone core in both species ( Numerous studies have suggested that G/C-rich sequences have a higher propensity of nucleosome forming than A/T-rich sequences in S. cerevisiae and other eukaryotes (39) (40) (41) . The observed pattern in Fig. 2B suggests the opposite in S. pombe. To test this finding further, we divided the entire genome into 20-bp bins and calculated the average occupancy level in each bin as a function of A/T fraction. For S. cerevisiae, the average occupancy is maximized over bins with an A/T fraction of ∼0.55, which is lower than the genome average base composition (0.62), whereas the S. pombe curve reaches the maximum at an A/T fraction of ∼0.9, which is far beyond the genome average (0.64) (Fig. 2C ). More importantly, as the A/T fraction increases, these bins tend to be positioned closer to the nucleosome dyad ( Fig. S2G ), suggesting the dyad region is more accommodating in harboring A/T-rich sequences.
Poly (dA-dT) Affects but Does Not Deplete Nucleosomes in S. pombe.
Published MNase maps have suggested that nucleosomes are depleted by poly (dA-dT) tracts in S. cerevisiae and some other eukaryotes (1, 6, 7, 10, 20, 39, 42) . For S. pombe, a recent tiled microarray study (28) suggested that poly (dA-dT) tracts are not enriched in nucleosome-depleted regions (NDRs), whereas another MNase-sequencing study (16) showed that nucleosomes are significantly depleted by poly (dA-dT) tracts. In S. pombe, the chemical map suggests that poly (dA-dT) tracts do reduce nucleosome occupancy but only mildly, with a slow increasing rate as a function of the tract length. For example, a 10-bp poly (dAdT) tract only reduces the occupancy by 12% compared with the genome average in S. pombe in contrast to 51% depletion in S. cerevisiae by the chemical map (33) (A0 curve in Fig. 2D and Fig. S2H ). For poly (dG-dC) tracts, which are rare in both genomes, the chemical map suggests a fast occupancy decay rate (Dataset S3). In contrast, the MNase maps from published studies (16, 43) do not show a pronounced between-species difference in the occupancy pattern over these polymers (Fig. S2 I and J) . Both suggested fast depletion of nucleosome over poly (dA-dT) tracts but no significant depletion over poly (dG-dC) tracts. Because MNase preferentially degrades A/T-rich nucleosomes (32) , which are more common in S. pombe than in S. cerevisiae ( Fig. 2 B and  C) , we speculate that the observed high depletion rate over poly (dA-dT) tracts from the S. pombe MNase maps may be inflated.
Longer Poly (dA-dT) Tracts Enriched Around the Dyad in S. pombe.
The chemical maps reveal distinctive features regarding the exact preferential positioning of polymer tracks within nucleosomes between S. cerevisiae and S. pombe. The poly (dA-dT) tracts in both species are preferentially centered at rotational positions, where DNA backbone (minor groove) faces inward toward the histone core (Fig. 2 E and F) , that is, where AA/TT/TA/AT dinucleotide motifs are preferred. S. pombe shows a strong preference of poly (dA-dT) tracts in the ±30-bp of the dyad, and this preference, particularly in the region of 10-30 bp from the dyad, is even stronger as the tract length increases. In contrast, in S. cerevisiae, short poly (dA-dT) tracts (e.g., 5-mer) are less favored in the center ±30-bp region and long tracts are further depleted in the ±20-bp region (Fig. 2F) . Poly (dG-dC) tracts prefer antiphase positions relative to poly (dA-dT) tracts for both species, and the difference between the two species is less pronounced (Fig. S2K) .
Special Features of Nucleosome Positioning at TSS in S. pombe. The high-resolution chemical map allows more accurate analysis of nucleosome occupancy at genetic landmarks. We defined the nucleosome occupancy as the total NCP score in the ±60 bp of every genomic location based on the redundant map (SI Materials and Methods). The chemical map reveals a strong ordering of nucleosome array downstream of 4,013 TSSs (28) and a weak ordering upstream of TSSs (Fig. 3A) . Compared with S. cerevisiae, the NDR immediately upstream of the TSS in S. pombe is less "depleted" or not obvious. The NCP score plot (equivalent to dyad occupancy) suggests that −1 and +1 nucleosomes have a regular distance in S. pombe, whereas in S. cerevisiae, a much wider NDR is clearly observed (Fig. 3B) (Fig. S3A and Dataset S4). Different from a published MNase study (28) , however, we found the least active genes tend to have higher nucleosome occupancy in both the gene body and NDR relative to the most active genes, and both groups show nucleosome phasing downstream of the TSS (Fig. 3C) . We postulate that the observed higher occupancy in the most active genes from the MNase map could be an artificial fact due to MNase bias because of the relatively lower A/T content compared with the least active genes (0.60 vs. 0.63).
Published studies have concluded that the DNA sequence is not the main determinant of nucleosome positioning downstream of the TSS; thus, its phasing pattern cannot be predicted well by a DNA model (22) . Surprisingly, the S. pombe genome has a strong base-composition phasing pattern around the TSS, particularly downstream (Fig. 3D) , and the A/T fraction peaks are in phase with the nucleosome occupancy peaks. In addition, the NDR has relatively lower A/T composition compared with neighboring regions (Fig. 3D) . Therefore, the phasing pattern of nucleosome occupancy can be roughly predicted using a nucleosome-linker DNA model based on a duration hidden Markov model (dHMM) (45) (Fig. 3D) . In contrast, S. cerevisiae has a relatively higher A/T composition in the NDR (which is more favored by linker DNAs; Fig. 3E ), but lacks a phasing pattern of A/T around the TSS. The nucleosome phasing is less well predicted by the dHMM model. These results suggest that the genomic sequences likely play a more influential role in nucleosome positioning in S. pombe than in S. cerevisiae.
Nucleosome Positioning at Other Genomic Landmarks. The nucleosome occupancy at the ORF end or transcription termination sites of S. pombe shows weak ordering of nucleosomes with no depletion (Fig. S3 B and C) , whereas S. cerevisiae does not show ordering and has substantial depletion instead (33) . The tRNA genes, which are highly transcribed by RNA polymerase III and have promoters inside the gene body, are nucleosome-depleted in the gene body and the immediate upstream ∼70-bp regions (Fig. S3D) . For DNA replication origins, which were suggested to be nucleosome-depleted by MNase maps (16, 29) , the occupancy from the chemical map only shows a slight reduction compared with the genome average (Fig. 3F) . Because the replication origins are A/T-rich, the MNase occupancy could be substantially biased downward due to MNase's sequence specificity, as demonstrated by the strong reverse correlation of occupancy value and A/T fraction (Fig. 3F ).
Nucleosome in Heterochromatin Regions. The S. pombe genome distinguishes itself from S. cerevisiae in forming extensive stretches of heterochromatin in the centromere, telomere, and mating type regions. Heterochromatin is richer in A/T and is tightly packed inside the nucleus, and it has important functions ranging from gene regulation to maintaining the integrity of chromosomes (46) . Most of the sequencing tags from the centromere and telomere regions are not uniquely mappable because of the presence of repetitive elements and other highly conserved sequences. We defined the mappability weight of each sequencing tag as the reciprocal of the number of mapped distinct genomic locations. Nucleosomes are called based on a mappability-weighted cleavage frequency genome-wide. The AA/TT/AT/TA dinucleotide signature from nucleosomes defined in heterochromatic regions has a higher frequency than the genome average due to richer A/T content, whereas the periodicity is comparably strong (Fig. S4A ). This suggests that the accuracy of the defined nucleosome map using the weighted cleavages is not notably affected by possible misalignment due to the mappability issue. For centromeric regions, about 16% of the tags were uniquely mappable and 90% of the nonunique tags were mapped to multiple locations within centromeric regions (Dataset S5). Therefore, the weighted cleavage frequency defined for the centromere region should roughly reflect the actual level of nucleosome occupancy. We found that the centromere regions are overall nucleosome-sparse, and different functional domains display distinct nucleosome occupancy patterns (Fig. 4A) . The central domain is composed of the nonrepetitive central core (cnt) and surrounding inner repeats, which require the centromere-specific H3 histone variant, namely, CenH3, to form nucleosomes. Interestingly the chemical map reveals fuzzy positioning of nucleosomes in the cnt with low occupancy (Fig. 4 and Fig. S4 B and C; average fuzziness score of 3.38 compared with the genome average score of 2.98; SI Materials and Methods). This is in contrast to two strong nucleosome positions in the cnt region observed in S. cerevisiae (33) . The fuzziness is also reflected in the noisiness and breadth of the occupancy peaks from the published MNase maps (16, 29) (Fig. 4B) . Several earlier studies have suggested that the cnt region may be mostly devoid of positioned nucleosomes (47, 48) . The fuzziness is potentially due to the high A/T content (0.714) in the entire cnt region, which may result in less discrimination between many local positions with similar abundance. Alternatively, the low observed occupancy could be due to the decreased mapping efficiency of CenH3-containing centromeric nucleosomes, which may wrap DNA in a fundamentally different manner (49) . Future studies are needed to resolve this discrepancy.
Unlike euchromatic regions, where nucleosomes tend to display continuous arrays with comparable occupancy, nucleosomes in centromere regions vary drastically in occupancy. Well-positioned nucleosomes often exist in clusters, frequently separated by big gaps or nucleosome-free regions (Fig. 4A) . For the mating type regions, we observe well-positioned nucleosomes throughout the entire ∼8,000-bp region, whereas the beginning and ending ∼300-bp regions are nucleosome-depleted (Fig. S4D) . For telomere regions, about 24% of tags were uniquely mappable (Dataset S5) and 71% of nonunique tags were mapped to multiple locations in the telomere regions. Both left and right telomeres show a mixture of well-positioned and fuzzily positioned nucleosomes, also suggesting a relatively sparser nucleosome organization (Fig. S4 E-I ).
Discussion
The high-resolution S. pombe map confirms several aspects of nucleosome positioning observed in S. cerevisiae. The S. pombe map demonstrates that the strong periodic dinucleotide motifs are the universal intrinsic factor for the fine positions of nucleosomes in different organisms. This signature is comparably strong in exons and introns, demonstrating that nucleosome positioning information can be seamlessly integrated with coding information. The shorter linker length in S. pombe is a consequence of a preponderance of nucleosomes with a linker length of 4 or 5 bp. This is in keeping with the preferred orientation of adjacent nucleosomes observed in S. cerevisiae and implies the existence of some common higher order structural aspects in chromatin fibers. The chemical mapping of nucleosomes was performed with two of the three H4 genes substituted with S48C. As can be seen in Fig. S5 , substitution of only one H4 gene does not generate a ladder of nucleosome repeat length fragments, but the pattern with two of the three genes substituted is equivalent to that with all three H4 genes replaced with S48C. In S. pombe, mutating of two H4 genes with the third H4 gene intact or mutating all three H4 genes did not result in a noticeable growth defect. This suggests that the chemical mapping approach will be applicable to metazoans with multiple copies of H4, where it may not be possible to remove all WT H4 completely.
The conclusions drawn in this paper for nucleosome occupancy analyses were implicitly based on the assumption that H4 mutants can be uniformly incorporated into nucleosomes genome-wide. It is possible that different genomic regions could vary in their affinity to bind H4 mutants, which consequently causes bias in the nucleosome occupancy analysis. Arguing against such a bias is the very good agreement between the MNase and chemical maps in nucleosome positions. Where differences in occupancy were observed, such as at origins of replication, poly (dA-dT) tracts, or the least (vs. most) active genes, they can be explained by the relatively high AT content of these features and the sequence preferences of MNase.
The S. pombe map presents several unique aspects regarding intrinsic and extrinsic factors that affect nucleosome positioning and chromatin structure in eukaryotes. In contrast to S. cerevisiae, there is a preference for higher A/T surrounding the nucleosome dyad in S. pombe. As a consequence, repeating oscillations in A/T frequency are in phase with positioned nucleosomes downstream of the TSS. The poly (dA-dT) tracts, which have been regarded as an important determinant of nucleosome positioning in budding yeast and worms, do not deplete nucleosomes in S. pombe to the same extent, and longer tracts are preferentially positioned near the dyad. Likewise, the A/T richer sequences are favored in the nucleosome core region in S. pombe rather than in the linker region, which is the opposite of what is observed in other organisms. These distinctions suggest that sequence preferences observed in S. cerevisiae and other eukaryotes, previously thought as universal and intrinsic, may vary substantially between organisms and be subject to evolutionary pressure.
The cause of the difference in the nucleosome positioning code, and the shorter linker length of S. pombe, remains to be determined. Among the possible explanations are subtle differences in the sequences of the histone octamer between S. pombe and S. cerevisiae, potential differences in histone modifications between these species, or lack of the linker histone H1 in S. pombe. The linker histone H1 is known to seal the nucleosome entry/exit and to be associated with linker DNA (50) (51) (52) (53) , and it prefers to bind A/T-rich DNA sequences (54, 55) . The nonclassical histone H1 gene in S. cerevisiae, Hho1p, plays a similar role in chromosome compaction and chromatin structure (56, 57) . Thus, intuitively, the presence of histone H1 as in S. cerevisiae may help to position A/T-rich regions in the nucleosome edges or linker regions. Additional studies have shown that the amount of linker histone H1 in vivo is positively correlated with nucleosome repeat length (58, 59) . Interestingly when the genomic DNA from S. pombe was inserted into the mouse genome, nucleosomes arrays with a nucleosome repeat length similar to the WT mouse genome (60) were formed again, suggesting that extrinsic factors must play a major role in determination of linker length distribution.
Materials and Methods
The H4S48C S. pombe strain was engineered in the KGY425 (American Type Culture Collection 96155) (h-his3-D1 leu1-32 ura4-D18 ade6-M210) background. The HHF1 and HHF2 genes encoding two of the three copies of H4 were mutated from serine to cysteine at position 48 by a standard pop-in/ pop-out two-step method using linear PCR-generated cassettes targeted to endogenous loci through homologous recombination and selected for a gain/loss of ura4 marker. The third copy of the H4 gene (HHF3) was not altered. The H4S48C S. pombe strain demonstrated normal growth at 30°C on rich medium. Details about sequencing and data analysis are presented in SI Materials and Methods.
